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Abstract
Cancer vaccines that utilize patient antigen-presenting cells to fight their own tumors have shown exciting promise in many 
preclinical studies, but have proven quite challenging to translate to clinical feasibility. Dendritic cells have typically been 
the cell of choice for such vaccine platforms, due to their ability to endocytose antigens nonspecifically, and their expres-
sion of multiple surface molecules that enhance antigen presentation. However, dendritic cells are present in low numbers 
in human peripheral blood and must be matured in culture before use in vaccines. Mature B lymphocytes, in contrast, are 
relatively abundant in peripheral blood, and can be quickly activated and expanded in overnight cultures. We devised an 
optimal stimulation cocktail that engages the B cell antigen receptor, CD40, TLR4 and TLR7, to activate B cells to present 
antigens from lysates of the recipient’s tumor cells, precluding the need for known tumor antigens. This B cell vaccine 
(Bvac) improved overall survival from B16F1 melanoma challenge, as well as reduced tumor size and increased time to 
tumor appearance. Bvac upregulated B cell antigen presentation molecules, stimulated activation of both  CD4+ and  CD8+ 
T cells, and induced T cell migration. Bvac provides an alternative cellular vaccine strategy that has considerable practical 
advantages for translation to clinical settings.
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Abbreviations
Ag  Antigen
APC  Antigen presenting cell
Bvac  B cell-based cellular vaccine
DC  Dendritic cell
mAb  Monoclonal antibody
MHC  Major histocompatibility complex
MFI  Mean fluorescence intensity

Introduction

Immunotherapies for cancer treatment have shown excit-
ing progress during the past decade, offering multiple 
approaches for harnessing the power of the immune system 
to combat numerous cancer types. Because each type of ther-
apy has both strengths and weaknesses, particularly for dis-
tinct tumor types, cancer patients will be best served by the 
availability of a variety of therapeutic strategies for engaging 
immune cells to fight tumors. Thus, there remains a need for 
continuing development of diverse immunotherapies.

The therapeutic approach of cancer vaccines has a long 
history of exciting successes, but also disappointments in 
clinical translation. These vaccines are based upon various 
platforms [1], including nucleic acids [2], soluble mol-
ecules [3], and immune cells themselves [4]. The principle 
underlying the latter is to stimulate the cancer patient’s 
own immune cells to recognize and eliminate their tumor 
cells. This stimulation can occur within the patient, or by 
harvesting patient immune cells, stimulating them in vitro, 
and re-introducing them. Dendritic cells (DC) are well-
appreciated for their ability to nonspecifically ingest and 
process antigen (Ag) and present it effectively in a cognate 
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manner to activate effector T lymphocytes. DC have there-
fore been the natural focus of many studies of anti-tumor 
cellular vaccination and have shown great promise in pre-
clinical models [4].

However, there remain significant challenges in adapt-
ing DC-based cellular vaccines from animal models to 
human clinical use. In the many models using inbred strains 
of laboratory mice, a virtually unlimited number of mice 
genetically identical to the vaccine recipient can be used 
as a source of DC, but in humans, DC must be autologous, 
are relatively rare in peripheral blood [5], and must be cul-
tured in vitro to allow their differentiation into mature DC. 
Consequently, limitation in DC cell numbers is a major 
challenge for human DC vaccine delivery. Further, many 
preclinical mouse studies used well-established tumor mod-
els expressing highly immunogenic tumor Ags known to 
stimulate T cell responses, but this advantage is seldom pre-
sent in the much more heterogeneous profile of individual 
human tumors. These considerable logistical challenges may 
explain why, after many years and a large number of pub-
lished preclinical studies with positive outcomes, there is to 
date only a single FDA-approved cellular vaccination ther-
apy for human cancer, the Provenge DC vaccine for prostate 
cancer. In clinical trials, Provenge demonstrated statistically 
improved survival of treated patients compared to controls, 
but by a modest four months, and tumor size was unaffected 
by treatment [https:// www. fda. gov/ media/ 78511/].

We thus considered whether B lymphocytes could effec-
tively serve as a source of antigen-presenting cells (APC) in 
cellular anti-tumor vaccines. B cells offer several attractive 
features as APC vaccines from a logistical perspective [6]. 
B cells are relatively numerous in human peripheral blood 
[7], from which they are easily isolated. Although resting/
naïve B cells do not have the high capacity for nonspecific 
Ag ingestion characteristic of DC, B cells serve quite effec-
tively as T cell-stimulatory APC in a variety of immune 
responses when appropriately activated [8–11]. B cells can 
activate both  CD4+ and  CD8+ T cells and induce T cell 
memory. Importantly, B cells can stimulate anti-tumor T 
cells in preclinical models [12].

Our laboratory previously demonstrated that B cell 
vaccines stimulate both  CD4+ and  CD8+ T cell-mediated 
immune responses in mice by efficiently presenting foreign 
antigen, resulting in control of Listeria monocytogenes 
liver infections. Importantly, these proof-of-concept studies 
showed that B cell-based vaccines are comparable to DC-
based vaccines in efficacy [13]. Our major goal is to exploit 
the advantages offered by B cells in cellular vaccine design. 
Consistent with our aim of improving the practical utility of 
cellular vaccines, we also wished to determine if B cell vac-
cines can be produced using recipient tumor cells as a source 
of Ag, rather than known, purified Ag, to further enhance 
their utility in a clinical setting.

To pursue these goals in the present study, we tested 
the prediction that appropriately stimulated B cells could 
provide an effective cellular vaccine (Bvac) against a well-
characterized, aggressive mouse tumor (B16F1 melanoma), 
using tumor cell lysates as priming Ag. Because cellular 
vaccines are most likely to be efficacious in minimal residual 
disease, rather than eliminating a large tumor burden, we 
provided Bvac immediately prior to tumor injection. We 
found that mice treated with optimally activated Bvac and 
B16F1 tumor lysate had significantly improved survival, 
increased time to detectable tumor development, and smaller 
tumors, when subsequently challenged with B16F1. Bvac 
expressed a strong APC profile, stimulated both  CD4+ and 
 CD8+ T cell activation responses, and induced T cell migra-
tion in vitro. These results have promising implications for 
harnessing easily obtained and activated patient B cells to 
fight tumors.

Materials and methods

Preparation of B16F1 tumor cell lysate

B16F1 mouse melanoma cells [14] were provided by Dr. 
George Weiner, University of Iowa, Iowa City, IA. Adher-
ent B16F1 cells were grown to confluency and disassociated 
using 2 mM EDTA in PBS. Cells were washed twice and 
suspended in 1 mL PBS, then transferred to cryo-vials. Cells 
were pelleted and resuspended in 100µL PBS. The cryo-vial 
was placed in a liquid nitrogen bath for 5 min, then thawed in 
a 37°C water bath; this cycle was repeated five times. After 
the final thaw, each lysate was sonicated to shear DNA and 
centrifuged at 4°C at 16,000 × g to pellet the insoluble frac-
tion. The supernatant was harvested as tumor lysate, and its 
protein concentration determined via O.D. at 280 nm.

Mice

Six- to 8-week-old female C57BL/6 mice were purchased 
from Jackson Laboratories (Bar Harbor, ME) and housed in 
a pathogen-free barrier facility at The University of Iowa. 
Mice in this study were used in accordance with a protocol 
approved by the Iowa City VA Healthcare System’s Institu-
tional Animal Care and Use Committee. Female mice were 
used because male mice had a tendency to chew subcutane-
ous tumors, leading to infections.

B cell isolation and Bvac preparation

Highly purified resting B cells were isolated from mouse 
splenocytes via EasySep magnetic negative selection kits 
(STEMCELL Technologies; Vancouver, BC, Canada). Puri-
fied B cells were suspended in RPMI 1640 medium with 
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10% heat-inactivated fetal calf serum, 2 mM fresh glu-
tamine,  10−5 M 2-mercaptoethanol, and antibiotics (BCM-
10) at 2 ×  106 cells/mL and were stimulated with the follow-
ing reagent combination: 0.5 µg/mL anti-mouse CD40 mAb 
(clone HM40, Ebioscience, Carlsbad, CA), 1 µg/mL R848 
(TLR7 agonist; Enzo Scientific, Farmingdale, NY), 20 ng/
mL E. coli LPS (TLR4 agonist; Sigma-Aldrich, St. Louis, 
MO). After 22 h of stimulation, either B16F1 tumor lysate 
(1 µg/mL; preparation described above) or a cocktail of two 
known melanoma peptides [15], Mage-AX (LGITYDGM) 
and Mage-A5 (HNTQYCNL) (3.33 µM, Selleckchem, Hou-
ston, TX) was added to the B cell cultures for an additional 
two hours. After 24 h of culture, B cells were washed two 
times with 1X PBS and prepared for injection. B cells pre-
pared in this manner are hereafter referred to as Bvac.

Bvac administration and melanoma challenge

Bvac or control B cells (2 ×  105) were washed and resus-
pended in PBS, then adoptively transferred via retro-orbital 
injection into naïve C57BL/6 mice. A vaccine boost of 
identical composition was performed 14 days after initial 
vaccination. Forty days after the second vaccination both 
B cell control and Bvac immunized mice were challenged 
with 25 ×  104 B16F1 mouse melanoma cells in the side flank. 
Tumor growth was measured with digital calipers every 
other day, starting when tumor growth was established, until 
critical tumor burden (150  mm2) was reached, at which point 
the mice were euthanized.

Flow cytometry

Expression of various molecules described in the text was 
analyzed via flow cytometry as previously described [16]. 
T cells from activation assays were collected on an LSR 
II BD Biosciences flow cytometer, (Franklin Lakes, NJ). 
Cells from migration and expression assays were collected 
on an Accuri C6 benchtop flow cytometer (BD Biosciences, 
San Jose, CA). All Abs were specific for mouse molecules. 
Abs to CD80 (clone 1G10), CD86 (clone GL1), MHC class 
I (clone AF6-88.5.5.3), and MHC class II (clone M5/114) 
were purchased from Ebioscience (San Diego, CA). Abs 
specific for Integrin β2, l-Selectin, CXCR4, CCR7, and 
CXCR5 were obtained from R&D Systems (Minneapolis, 
MN). Abs specific for CD8a (clone 53-6.7), CD4 (clone 
GK1.5), CD49d (clone 9F10), CD11a (M17/4), CD90.2 
(clone 30-H12), CD25 APC (clone PC61.5), and CD44 
(clone BJ18) were purchased from Biolegend (San Diego, 
CA). Anti-CD45 (clone 30-F11), CD19 (clone 1D3), and 
anti-CD69 (clone FN50) mAbs were purchased from Ebio-
science. Data were analyzed with FlowJo software (Tree 
Star, Ashland, OR).

Chemotaxis

To assess Bvac migration [17], 1 ×  106 Bvac were placed 
into the upper chamber of 3-μm pore 12 well Transwell 
plates (Costar, Cambridge, MA). The chemokines CCL19 
and CCL21 (R&D Systems), at a 10 ng/ml final concentra-
tion of each of diluted in 1 ml BCM10, or undiluted Bvac-
conditioned medium (for T cell migration), were added 
to the lower chamber. Migration of Bvac was assessed 
after 3 h by counting Bvac in the lower chamber, on full 
speed for 1 min (Accuri A6) to tally detected events. T cell 
migration was assessed as above, in response to CCL19 
and CCL21 or to Bvac-conditioned medium placed in 
lower chambers of transwell plates.

T cell activation

Bvac-tumor lysate were prepared as above. Highly purified 
 CD4+ and  CD8+ T cells were isolated from mouse sple-
nocytes via EasySep magnetic negative selection (STEM-
CELL Technologies). 1 ×  106 Bvac and 1 ×  106 naïve  CD4+ 
or  CD8+ T cells were placed into a 48 well tissue culture 
plate in a 1:1 ratio. Alternatively, 1 ×  106 Bvac were com-
bined with both 5 ×  105  CD4+ and 5 ×  105  CD8+ T cells 
to better model more diverse cell populations present in 
a secondary lymphoid structure, maintaining the 1:1 B 
and T cell ratio. T cells were tested for activation after 
either 24 h or 5 days of co-culture. T cell populations were 
removed from cell culture, stained for surface antigens 
of interest with immunofluorescent mAbs, and analyzed 
by flow cytometry as previously described [16]. All co-
cultured populations were stained with anti-CD19 mAb to 
enable exclusion of B cells from T cell analysis. Unstimu-
lated B cells were used as a control for Bvac.

Expansion of B and T cell compartments after Bvac 
vaccination

Bvac-tumor lysate were prepared as noted in Bvac prepa-
ration above. Each cohort of nine mice was divided into 
the following groups for analysis: (1) three naive, (2) three 
Bvac-tumor lysate vaccinated and analyzed on Day 7 of 
treatment and (3) three Bvac-tumor lysate vaccinated and 
analyzed on Day 14 post vaccination. Spleen and the fol-
lowing lymph nodes were harvested from each mouse: 
superficial cervical, brachial, axillary, and inguinal, 
(lymph nodes were pooled to ensure adequate numbers for 
analysis). Cells extracted from tissues were stained with 
CD19, CD4, and CD8 specific-immunofluorescent mAbs, 
and cell proportions were determined via flow cytometry, 
as described above.
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Results

Impact of Bvac immunization upon survival 
and tumor growth

We chose the aggressive B16F1 mouse melanoma tumor 
model to provide a rigorous test to assess the ability of 
Bvac to provide anti-tumor immunity. Because we pre-
dict that tumor vaccination holds the greatest promise as 
a treatment to eliminate minimal residual disease, rather 
than removing bulky or metastatic primary tumors, we 
challenged with tumor shortly after provision of Bvac. 
Two tumor Ag delivery platforms were tested. Bvac 
were exposed to either B16F1 tumor lysate produced as 
described in Methods, or to two purified B16F1 melanoma 
peptides, MAGE AX and MAGE A5 [15]. We tested both 
sources of Ag, because purified known tumor Ags (as used 
more commonly in preclinical experiments) are available 
for only a small proportion of human cancers, whereas 
tumor lysates can be derived from biopsy samples for a 

much larger group of tumors. Two separate cohorts were 
assessed, for a total of 10 naïve, 15 Bvac/tumor lysate-
vaccinated and 10 Bvac/peptide-vaccinated mice. Mice 
were vaccinated twice, 14 days apart, and 40 days later 
challenged with subcutaneous injection of B16F1 cells as 
described in Methods. Unstimulated, naïve B cells were 
used as controls for Bvac. While many previous reports 
have performed vaccination with antigen preparations 
alone, our focus here was the efficacy of B cells as cel-
lular vaccines, so mice injected only with B16F1 lysate or 
melanoma peptides were not assessed. Previous studies 
demonstrated that vaccination with B cells that received 
the activating stimuli without tumor antigens did not result 
in effective protection from B16F1 challenge [18].

Analysis of survival data revealed that mice vaccinated 
with Bvac-tumor lysate had improved survival (32 days), 
compared to naïve mice (23 days); this difference is statisti-
cally significant (Gehan–Breslow–Wilcoxon test) (Fig. 1a). 
Enhanced survival of mice receiving Bvac-peptide as a 
source of Ag (Fig. 1b) was not as striking as that of recipi-
ents of Bvac-tumor lysate, but was statistically significant, 

Fig. 1  Impact of Bvac upon host survival and tumor burden. a, b 
Comparison of survival between untreated (gray lines) and Bvac-
treated (black lines) mice following challenge with B16F1 mela-
noma. Differences in survival curves between naïve and Bvac-treated 
mice were analyzed by the Gehan–Breslow–Wilcoxon test. a Bvac 
that were stimulated with tumor lysate as a source of antigen had 
statistically higher survival (**p = 0.0030) than naïve mice. b Bvac 
that were stimulated with purified melanoma peptides MAGE AX 
and MAGE A5 as an antigen source had statistically higher survival 

(*p = 0.0401) than naïve mice. c Day of tumor onset, defined as the 
first day that tumor could be palpably measured, is shown for indi-
cated groups of mice (each symbol represents one mouse). Delayed 
tumor onset was observed in Bvac-lysate (*p ≤ 0.0061) and highly 
trending in Bvac-peptide groups (ns = p ≤ 0.0600), as analyzed by 
(two-tailed unpaired t test). d Reduced tumor size was observed in 
Bvac-lysate (**p ≤ 0.0037) and Bvac-peptide groups (*p ≤ .0124) at 
day 20 post-tumor challenge, analyzed by (Two-tailed Unpaired t test)
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with an improved survival of 28 days. These results suggest 
that tumor cell lysate as a source of Ag offers a better stimu-
lus for Bvac than does a more limited mixture of highly puri-
fied tumor-derived peptides (Fig. 1c). Analysis revealed that 
the mean time of first detectable tumor was 21.43 days for 
Bvac-lysate whereas in naïve mice the tumors first appeared 
on mean day 15.6. These results were statistically signifi-
cant. Bvac-peptide-treated mice had a mean tumor appear-
ance of 18.25 days. Finally, overall tumor burden was lower 
in both Bvac-immunized groups compared to naïve mice on 
day 20 post tumor challenge (Fig. 1d), the day the first ani-
mal was removed from the study as it exceeded the critical 
tumor burden criterion, and this parameter was statistically 
significant for both Bvac Ag groups. Because Bvac-lysate 
was superior to Bvac-peptide in inducing tumor protection, 
as well as the practical translational advantage of tumor 
lysate as an Ag source, Bvac-lysate was used as a source of 
Ag in all subsequent experiments; the term “Bvac” in these 

experiments refers to Bvac prepared with tumor cell lysate. 
Additionally, examination of the relationships between sur-
vival time versus tumor onset and survival time versus tumor 
burden revealed statistically significant correlations. This 
supports the conclusion that mice survive longer the later 
the tumor is established, and the smaller tumor burden they 
develop (Supplementary Table 1).

Expression of lymph node homing and migration 
molecules by Bvac

Bvac were examined for expression of cell surface Ags 
indicative of APC homing to secondary lymphoid organs 
or to sites of inflammation, which can include tumors [19]. 
Figure 2 demonstrates that Bvac had increased expression of 
cell surface molecules important in extravasation. CD62L, 
CD18, and CD11a were all upregulated on Bvac at both day 
1 and day 5 post-stimulation, compared to naïve B cells. 

Fig. 2  Bvac expression of cell 
migration molecules. Unstimu-
lated B cells were compared 
to Bvac for expression of the 
indicated surface molecules 
involved in extravasation to, 
and migration within, sec-
ondary lymphoid structures. 
(D0) = Freshly purified, naive 
B cells (D1) = 24 h post 
anti-Bvac stimulation, and 
(D5) = 120 h post stimulation. 
MFI indicates mean fluores-
cence intensity; flow cytometry 
results are representative of 2 
similar experiments. Statisti-
cally significant upregulation 
(Two-tailed Unpaired t test) was 
observed for CD62L, CD11a, 
CXCR4, and CCR7 molecules. 
Trending significance was seen 
for upregulation of CD18 and 
CXCR5. Error bars represent 
mean ± SEM of replicate experi-
ments
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Bvac express the secondary lymphoid homing molecules 
CXCR4 and CCR7 [3, 19, 20] on day 5 after stimulation. 
Additionally, expression of CXCR5, an important molecule 
that promotes B and T cell interactions in secondary lym-
phoid structures [21] was noted on Bvac at day 5 of activa-
tion. We note that upregulation of these molecules was indis-
tinguishable whether or not tumor lysate was included in the 
stimulation cocktail (not shown). A previous study of Bvac 
employed against infection with an intracellular pathogen 
shows that Bvac successfully migrate to secondary lymphoid 
organs in vivo as well [13, 18]. Two-tailed Unpaired t test 
statistical analysis of surface receptor upregulation MFI also 
revealed an increase in per cell expression of these relevant 
molecules on Bvac. Even those for which differences did 
not quite reach statistical significance due to mouse–mouse 
variability displayed a strong trend of increased expression.

Ag presentation phenotype of Bvac

Compared to naive mouse B cells, Bvac stimulated for 24 h 
with anti-mCD40 mAb and TLR4/7 ligands displayed upreg-
ulation of surface molecules characteristic of effective APC 
(Fig. 3a). While resting mouse B cells express MHC class I 
molecules, expression is increased in response to Bvac stim-
ulation. MHC class II molecules were expressed on ~ 25% of 

unstimulated B cells, and this proportion increased to ~ 75% 
of Bvac. Additionally, the expression of the T cell costimu-
latory molecules CD80 and CD86 was greatly enhanced on 
Bvac, from < 1% of cells expressing each of these molecules 
to ~ 40% positive for both following stimulation. In a sepa-
rate experiment to access MFI of upregulated surface mark-
ers, (Fig. 3b), obvious upregulation with all molecules in 
Bvac is observed in histogram plots compared to untreated 
naïve B cells, and Bvac had high MFI significance compared 
to naïve B cells in expression of MHC I, CD80, and CD86 
molecules. Increases in MHC II expression were not sta-
tistically significant, although expression was consistently 
detectably upregulated. Taken together, these data show that 
Bvac have the potential to present tumor Ags to T cells via 
MHC molecules, as well as providing costimulation through 
expression of CD28 ligands.

Bvac‑induced T cell migration

Surface molecule expression data demonstrated that 
Bvac have the potential to reach environments in which 
they can interact with other immune cells, particularly 
T lymphocytes, which are important to many anti-tumor 
responses [22]. To assess ability of Bvac to induce the 
migration of naïve  CD4+ and/or  CD8+ T cells, we plated 

Fig. 3  Bvac expression of surface molecules involved in antigen pres-
entation. Naïve B cells cultured for 24 h in vitro with medium alone 
(left panels) or the Bvac stimuli described in Methods (right panels) 
were examined by immunofluorescent staining and flow cytometry 
for relative expression of the indicated Y-axis molecules; the X-axis 
represents staining for CD19 (a). MHCI expression was basally 

measurable on greater than 90% of resting B cells. (b) Statistically 
significant upregulation (Two-tailed Unpaired t test) was observed for 
MHCI, CD80 and CD86, as well as trending significance for upreg-
ulation of MHC II when MFI was analyzed. Error bars represent 
mean ± SEM of replicate experiments. Results are representative of 2 
similar experiments
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Bvac-derived culture supernatant, a CCL19/21 chemokine 
cocktail (positive control) or BCM10 medium (negative 
control) in the lower chamber of a Transwell plate. Naïve 
 CD4+ and  CD8+ T cells were placed in the upper cham-
ber, and after 3 h, T cells that had migrated to the lower 
chamber were counted. Statistical analysis revealed that 
 CD8+ T cells (Fig. 4a) migrated significantly compared 
to the negative control, with greater migration induced by 
Bvac supernatant than by the CCL19/21 cocktail.  CD4+ 
T cell migration (Fig. 4b) was strongly trending toward 
significance. Additionally, activated Bvac themselves 
migrated robustly to the CCL19/21 cocktail gradient com-
pared to BCM-10 alone (Fig. 4c). These results indicate 
the potential of Bvac to migrate toward and induce the 
migration of naïve T cell populations, enhancing their 
ability to interact with and present Ag effectively to T 
cells.

Activation of naïve  CD4+and  CD8+ T cells by Bvac

To determine the potential of Bvac to activate T cells, we 
co-cultured Bvac with  CD4+ and  CD8+ T cells in vitro 
for 24 h. We identified activated  CD4+ T cells by the 
upregulation of surface molecules CD25 and CD49d, 
and activated  CD8+ T cells by the upregulation of CD25 
and CD44 [23]. There was a substantial increase in acti-
vated  CD4+ T cells following co-culture with Bvac for 
24 h, compared to  CD4+ T cells cultured with control B 
cells. Co-culture of Bvac with  CD8+ T cells resulted in 
the appearance of a distinct  CD25+CD44+ T cell popula-
tion not detectable in B cell control-T cell co-cultures. 
These results demonstrate that Bvac has the potential 
to activate T cell populations that are both instrumental 
to orchestrating anti-tumor immune responses  (CD4+ T 
cells) and cytotoxic activity against the tumor  (CD8+ T 
cells) (Fig. 5).

Bvac‑dependent expansion of B and T lymphocytes

To understand the effect Bvac have on immune cell activa-
tion prior to tumor encounter, as could be the case when 
giving Bvac following elimination of primary tumors by 
more conventional treatment, we vaccinated mice with 
Bvac-tumor lysate as described in Methods. Lymph nodes 
harvested from each mouse were pooled (Fig. 6a). Analysis 
of these cells revealed significant  CD4+ T cell expansion on 
day 7 following Bvac-tumor lysate treatment and trending 
 CD8+ T cell expansion on day 14 post vaccination in lymph 
nodes (Fig. 6b). Bvac-tumor lysate treatment also resulted 
in highly significant  CD19+ B cell expansion in the spleen 
and pooled lymph nodes on day 14 post vaccination. Taken 
together, these data demonstrate that Bvac expand B cell and 
T cell compartments after vaccination.

Discussion

Various new and refined cancer immunotherapies cur-
rently provide treatment options to supplement or replace 
traditional surgical, chemotherapeutic, and radiological 
approaches [24–26]. Because tumors are derived from 
self tissue, it has been challenging to identify tumor Ags 
that the immune system will see as ‘non-self’, when pre-
sented in tumor vaccination. Some tumor types are inher-
ently more antigenic, expressing targets not expressed by 
their normal cell counterparts, but this is unfortunately 
uncommon [27]. In tumors with high mutation rates, new 
Ags may arise during tumor growth, but outgrowth of sub-
clones expressing such Ags may be selected against by 
the oncogenic process. Many preclinical mouse models of 
cancer use established tumors expressing well-defined and 
highly immunogenic Ags that can be targeted by cancer 
vaccines [28], but human tumors rarely have such Ags. For 
this reason, we chose not to use purified known tumor Ags 

Fig. 4  Impact of Bvac on T cell migration in vitro. a, b Freshly iso-
lated naïve  CD8+ and  CD4+ T cells were exposed to Bvac super-
natant, or CCL19/CCL21 chemokine gradients as a positive con-
trol. a Analysis (Two-tailed Unpaired t test) showed statistically 
significant  CD8+ T cell migration induced by Bvac, (p ≤ 0.0072) and 
(p ≤ 0.0091) respectively. b  CD4+ T cells also had increased migra-

tion, although this was not statistically significant. c Activated Bvac 
themselves migrated to the CCL19/21-positive control cocktail and 
(two-tailed unpaired t test) showed a strong statistical difference of 
(p ≤ 0.0055) compared to their spontaneous migration. Error bars rep-
resent mean ± SEM of replicate experiments. Results are representa-
tive of 2 similar experiments
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in our Bvac stimulus; rather, we utilized tumor cell lysates 
as a polyclonal antigenic stimulus [1]. Lysates were gener-
ated by a freeze–thaw method followed by sonication. A 
similar protocol was used to generate cell lysate that was 

successfully loaded onto DCs to activate both  CD4+ and 
 CD8+ T cells [29]. The amount of lysate required could 
easily be obtained by a surgical resection of a primary 
tumor, or even by biopsy procedures, increasing the range 

Fig. 5  Activation phenotype of 
T cells co-cultured with Bvac. 
Freshly isolated naïve  CD4+ and 
 CD8+ T cells were co-cultured 
in the presence of naïve B cells 
or Bvac. T cells and Bvac or 
naïve B cells were co-cultured 
in a 1:1 ratio for 24 h. (Upper 
Panels)  CD4+ T cell activation, 
and (Lower Panels)  CD8+ T cell 
action was defined as the upreg-
ulation of CD49d and CD25 for 
 CD4+ T cells and upregulation 
of CD44 and CD25 by  CD8+ T 
cells. Results are representative 
of 2 experiments with similar 
fold-increases in activation

Fig. 6  B and T cell expansion in secondary lymphoid structures 
post-Bvac immunization. a ANOVA analysis of T cells pooled from 
lymph nodes vaccinated with Bvac-lysate showed statically signifi-
cant expansion of  CD4+ T cells (*p ≤ 0.0185), with trending signifi-

cance in expansion of  CD8+ T cells. b ANOVA analysis of  CD19+ 
B cell expansion in Bvac-lysate immunized mice showed statistically 
significant expansion in both spleen and pooled lymph node tissue; 
(**p ≤ 0.0070) and (**p ≤ 0.0087), respectively
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of tumor types amenable to this approach. Using patient 
derived tumor lysate to activate Bvac may be most practi-
cal in the circumstance in which Bvac are used to fight 
minimal residual disease after primary treatment, as men-
tioned above. Bvac may serve as an immune system activa-
tor that breaks tolerance to self-antigens. It is quite encour-
aging that Bvac activated by tumor cell lysate performed 
as well or better than Bvac stimulated by purified antigenic 
peptides of the tumor. This result suggests that the poten-
tial breadth of clonal activation from Bvac-lysate is greater 
than for Bvac-peptide, as tumor lysate offers many poten-
tial neo-antigens for immune recognition and activation 
compared to just two melanoma peptide antigens.

Another key component of successful tumor vaccination 
is effective antigen presentation. To date, the cell of choice 
for this role has typically been the DC. DC play many 
key functions as APC in normal immune responses, due 
to their tremendous capacity for nonspecific Ag uptake, 
expression upon activation of numerous surface molecules 
that stimulate T lymphocytes in Ag presentation, and their 
secretion of cytokines and chemokines. It is thus not sur-
prising that so many preclinical tumor vaccine studies have 
focused upon DC as the source of APC [30, 31]. However, 
B cells are highly efficient at receptor-mediated endocyto-
sis. Activation signals delivered via TLRs, the BCR, and 
CD40 synergize to induce B cells to become highly effec-
tive APC, expressing abundant MHC molecules, adhe-
sion molecules, chemokines and their receptors, and T 
cell costimulatory molecules such as members of the B7 
and TNF receptor families [32, 33]. Activated B cells also 
secrete lymphokines and chemokines that attract activated 
T cells [28, 33]. Like activated T cells, B cells and Bvac 
are capable of secreting interferon-γ, (sometimes not con-
sidered in data interpretation), and this cytokinesis posi-
tively correlated with extended survival times in multiple 
cancers [2, 34]. Practical considerations that recommend B 
cells as APC for clinical applications include their relative 
abundance in human peripheral blood [7, 27] and the ease 
with which they can be substantially expanded with just 
overnight culture as we show here.

Bvac are durable and long lasting in secondary lymphoid 
organs up to 40 days post vaccination in an infection model 
[13, 18]. We thus postulated that Bvac may serve as APCs for 
cancer vaccine immunotherapy. In this study, we observed 
that mice vaccinated prophylactically with Bvac+B16F1 
tumor lysate had significantly better survival following chal-
lenge with this highly aggressive model tumor. Both survival 
and inhibition of tumor growth were observed. This efficacy 
was associated with multiple characteristics of effective APC 
including rapid upregulation of APC molecules, as well as 
phenotypic characteristics promoting successful migration 
and extravasation to tissues, and receptors promoting attrac-
tion and activation of T lymphocytes.

Activation and expansion of the adaptive arms of the 
immune system are hallmarks of successful vaccination 
strategies [35], and this remains true for cancer vaccines 
[22, 36, 37]. Here we show expansion of both T and B cell 
compartments in secondary lymphoid tissue 7 and 14 days 
post Bvac immunization. T lymphocyte-driven control of 
tumor cells is a third desirable component of many success-
ful tumor vaccines. For most tumors, both  CD4+ and  CD8+ 
T cell activation is needed to successfully orchestrate an 
immune response that eliminates the tumor [22, 37]. Many 
preclinical models use T cells expressing high-affinity trans-
genic TCRs to recognize tumor antigens. In contrast, in the 
present study, we deliberately relied upon the more physi-
ologically relevant polyclonal T cell response to a mixture of 
tumor Ags provided by tumor cell lysate. It is very promising 
for potential clinical application that we could demonstrate 
clear activation of both  CD4+ and  CD8+ T cells with Bvac. 
Our study shows that Bvac can recruit and activate T cells, 
as well as upregulating surface molecules involved in effec-
tive antigen presentation. Further details of mechanism will 
be the subject of future investigation, as well as probing 
the causal relationship between features of Bvac and their 
tumor-protective ability.

This study documented the protective effects that Bvac 
provided in mice challenged with the aggressive B16F1 
mouse melanoma. Future Bvac studies would benefit from 
the inclusion of additional cancer types, as mice challenged 
with slower growing tumors might demonstrate additional 
benefit from Bvac. The most promising use of cancer vac-
cines may be in eliminating minimal residual disease, which 
can lead to relapse and recurrence—currently, an often more 
challenging therapeutic problem than eliminating a primary 
tumor. As a secondary therapy, the Bvac platform could be 
used as an individualized prophylactic vaccine that is patient 
specific, activating a tailored and durable immune response 
unique to the specific tumor and syngeneic to the patient.
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